Complex electrical measurements with the use of sodar data show that electric field pulsation analysis is useful for electrodynamics/turbulence monitoring under different conditions. In particular, the number of aeroelectric structures (AES) generated per hour is a convenient measure of the turbulence intensity. During convectively unstable periods, as many as 5-10 AES form per hour. Under stable conditions, AES occasionally form as well, indicating the appearance of occasional mixing events reflected in the electric field perturbations. AES magnitudes under stable conditions are relatively small, except in special cases such as high humidity and fog. The analysis of electric field (EF) spectra gives additional useful information on the parameters of the atmospheric boundary layer and its turbulence. A rather sharp change in the spectrum slope takes place in the vicinity of 0.02 Hz under stable conditions. The characteristic slope of the spectrum and its change are reproduced in a simple model of EF formation.
Introduction
The atmospheric boundary layer is characterized by a variety of physical phenomena, including the processes of generation and transfer of charged particles -ions and charged aerosols and hydrometeors. These electrical processes occur simultaneously with aerodynamical processes and can serve as a useful means for their diagnostics. Furthermore, electrical phenomena and the global electric circuit represent an inherent part of the boundary layer, and deserve special attention (Hoppel et al., 1986; Mareev, 2008) .
In the last two decades our understanding of the nature of atmospheric and oceanic turbulence and planetary boundary layers (PBLs) has been revised conceptually, taking into account the self-organization processes that strongly affect turbulent transports and make them essentially non-local (Zilitinkevich, 2010; Zilitinkevich et al., 2005 Zilitinkevich et al., , 2006 Zilitinkevich et al., , 2009 . It has been recognized that the traditional theory (disregarding these mechanisms), and therefore PBL schemes currently used in environmental models are incapable of realistically reproducing extreme PBL regimes under conditions of strong convection and strong static stability. Interestingly, in parallel with this conceptual revision of the classical picture and independently of it, new ideas on electrical processes in the PBL have been formed. It was found, in particular, that the PBL is marked by the presence of so-called aeroelectric structures (AES) that appeared in the short-period (10 −3 ÷ 1 Hz) pulsations of the electric field. AES represent dynamical space-charge inhomogeneities in the boundary layer, indicated in the coherent perturbations of the electric field (Anisimov et al., , 2002 . The analysis allowed quantitative estimations of spatial scales 500-10 3 m and temporal scales for these structural elements. Quasiperiodic sequences and high-amplitude solitary AES have been recognized. Three-dimensional structural-temporal patterns were presented, which directly characterize the level of electric energy perturbations connected with AES formation during night-day evolution.
At frequencies of 10 −2 ÷ 10 −1 Hz, the electric field (EF) pulsations were found to be essentially non-local. The most probable values of the index lie in the range from -2.25 to -3.0, unlike the temperature fluctuation spectra, which obey the Kolmogorov power law with the spectral index close to -5/3 in the inertial subrange. The relation of spectral characteristics to the formation of AES was found (Anisimov et al.,
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2002). Analysis of the mechanisms explains the relationship between electric-field spectra and the neutral-gas turbulence and AES formation, and allows one to recover the parameters of the neutral gas motion (Anisimov et al., 2003; Shatalina et al., 2005 Shatalina et al., , 2007 . It was suggested in particular that measuring the short-period (10 −3 ÷ 1 Hz) EF pulsations is a convenient instrument for the fog studies and prognosis .
Analysis of spectra and structure functions of EF pulsations (Anisimov et al., , 2003 showed nontrivial properties of space-charge structures, including an effective increase in charge relaxation time and the existence of longterm horizontally extended (up to several kilometers) charge layers. As an example, the analytical solutions were found, describing self-consistent charge layers forming in the lightion environment (Mareeva et al., 1999) .
Electric measurements for the PBL study and diagnostics were rarely used. The relationship between electrical parameters and PBL stability was noted by Israelsson and Knudesen (1983) . The connection between PBL characteristics and electrode effects in the surface atmospheric layer was analyzed by Hoppel et al. (1986;  see also references in this paper) and Israelsson et al. (1994) . Structure function application to EF research was introduced by Anisimov et al. (1994) . Anisimov et al. (1999 Anisimov et al. ( , 2002 have analyzed structure functions of electric field pulsations under different meteorological conditions, focusing mostly on unstable fair weather and fog conditions, when the most intense AES are formed. In the present paper the most attention is paid to the stable conditions. Complex measurements of electrical parameters in the atmospheric boundary layer (including EF pulsation analysis) are used to derive information on the characteristics of the boundary layer. The sodar measurements are taken into account, with the emphasis on stable conditions as well.
We should note that the PBL turbulence under the most stable conditions, where it does not obey similarity theory, including the lack of an inertial subrange, has recently attracted much attention Grachev et al., 2012) . Conventional turbulence concepts may not apply to the fluctuating flow. For example, such fluctuations can be characterized by very small correlations, vertical velocity fluctuations and much larger horizontal velocity and temperature variations compared to more conventional turbulence in weakly stable conditions . Little emphasis has been placed earlier on the extensive periods of very weak turbulence between mixing events (Mahrt et al., 2013) . Since very weak turbulence accounts for most of the record of very stable conditions, it can contribute significantly to the timeaveraged turbulence and to the heat flux . The degree of "weakness" of this turbulence partly determines the rapid cooling rate, build-up of contaminants and the potential for ground fog. Sun et al. (2012) found that, for very stable regimes, the weak turbulence is relatively insensitive to the magnitude of the stratification.
In the present paper we develop a supplementary approach to these problems connected with electrical measurements.
Instrumentation and method
We have analyzed summer season 2012 observations performed at the middle-latitude Borok Geophysical Observatory (58 • 04 N and 38 • 14 E) under a low level of electromagnetic interference and industrial pollution. The electrostatic fluxmeters developed for long-term work were used as sensors of atmospheric electric field intensity and its variations. The sensor was installed at a height of 1.5 m. The threshold sensitivity of the sensor was about 0.1 V m −1 . The dynamic range of the measurements has not been less than 80 dB (Anisimov et al., 2002 . Values of the electric field were reduced to the surface value by a reduction coefficient that was equal to 0.3.
Meteorological parameters of a near-surface atmosphere (temperature, windspeed components, humidity, atmospheric pressure, light exposure) were measured simultaneously by means of an ultrasonic meteorological station (Gladkikh and Makienko, 2009 ) installed at a height of 10 m. Digital registration of all data was carried out with a clock rate of 10 Hz . The scheme of the experimental setup is shown in Fig. 1 .
Doppler acoustic locator (sodar) technique has been used in order to measure vertical profiles of the wind speed components in the PBL and to evaluate the intensity and characteristic scales of the aerodynamic turbulence to be compared with the results of electrical measurements. The technique of sodar measurement is well developed (e.g., Kallistratova et al., 2004; Tamura et al., 2007) and enables the definition of averaged (for 10-60 min) profiles of wind speed and its direction with the accuracy corresponding to meteorological standards. Sodar Volna-3 (Gladkikh et al., 1999) was used during these experiments.
A total of 23 continuous daily series of observations have been analyzed. In this work we use only daily data from fair weather conditions (absence of precipitation, wind speed of no more than 3.5 m s −1 , and a cloud amount of no more than 7). Examples of the EF observation records for two days of July 2012 are presented in Fig. 2 .
Structure functions of short-period pulsations E z were calculated using 10-s means data according to the algorithm of stationary increments: D E (t, τ ) = | E(t +τ )− E(t)| 2 (Rytov et al., 1989) . For estimation of properties of selfsimilarity: | E z (τ )| 2 ∼ (τ ) ζ 2 for τ changes within interval (1 ÷ 200) s, ζ 2 values were calculated by the least-squares method. Further, | E z (τ )| 2 is calculated as the averaged D E (t, τ ) over 5 min. The number of structures per hour is found using these structure functions. It was considered that for a given 5 min time interval, the structure appeared if the following conditions were carried out: 2. | E z (τ )| 2 increases monotonically in the time interval 30 s < τ < 120 s.
3. | E z (τ )| 2 is concave at least at 3 points least 3 points of the time interval 80 s < τ < 180 s.
4. The gradient Richardson number was calculated each minute using the meteorological parameters registered by the ultrasonic meteo-station, by the expression:
where θ is the mean temperature at the level of 10 m, and 
Observations and analysis
EF observation records were the analysis framework. The main focus was the study of AES generation under different stability conditions. A detailed analysis of data from 30 July 2012 is presented (Fig. 2) as a very characteristic example. Sodar echograms display the intensity of the reflected sound signal (the least intense -gray, and the most intensered), depending on the height and time of each of the three antennas, in conventional units (Fig. 3) . These records show the transition from quite nocturnal conditions to the convective regime developed about 04:30 UT, which corresponds to 08:30 LT. The results of the structural-temporal analysis are shown in Fig. 4 . The number of pronounced AES and their intensity increases during the convective period of a day. The gradient Richardson number behavior during a day and the number of AES per hour are shown in Fig. 5 . Two horizontal red lines in Fig. 5 correspond to Ri -0.5 and 0.5, below and above which stratification of a surface layer can be considered strongly unstable and stable, respectively. The number of AES per hour is obviously related to Ri. During the stable period (from midnight to 03:00 LT, and from 17:00 to next midnight in that particular case), no or few AES are formed, while during convectively unstable periods, as many as 6-9 AES form per hour. This very characteristic regularity is repeated from day to day during summer. We should note that, under stable conditions, AES form as well from time to time. It shows the appearance of occasional mixing events with weak winds and strong stratification. These events, accounting for a major fraction of the total vertical flux under stable conditions, are reliably reflected in the electric field perturbations.
For a detailed analysis of the turbulence under stable stratification, several time periods were chosen where Ri was sufficiently high and AES were formed simultaneously. The specific example spectrum is presented (Fig. 6) . Calculations were performed for the early morning period 00:30-01:30 UT (which corresponds to 04:30-05:30 LT) of 30 July 2012, when the Richardson number was approximately equal to unity. A rather sharp change in the spectrum slope takes place in the vicinity of 0.03 Hz. Two spectra of the same observation day (23 July 2012) are presented in Fig. 7a and b. Spectra were calculated for 2 h periods, each with essentially different stability conditions: 21:00-23:00 UT (stable conditions, Ri ≈ 1), which corresponds to the nocturnal period 01:00-03:00 LT of 24 July 2012, and 06:00-08:00 UT (unstable conditions, Ri ≈ -5.5). The spectra approximations in the range of 0.01-0.3 Hz are shown. It is obvious that, under stable conditions, a rather sharp change in the spectrum slope occurs as well (similar to the spectrum in Fig. 6 ) near the frequency 0.02 Hz in this case. It can be compared directly with the smoother behavior of the spectrum as a whole including low frequencies and high frequencies under unstable conditions. A more detailed explanation of this fracture and its interrelation with the boundary layer parameters requires a more explicit theoretical consideration (respective approaches are discussed by Anisimov et al., 2001 ) and will be presented elsewhere. We confined the present analysis to an example of the EF spectrum (Fig. 8) , generated by the flow of electric charges (probe sources) and calculated on the basis of the approach suggested Anisimov et al. (2003) and Shatalina et al. (2005) . Calculations using the Coulomb law have been performed for a number (10 3 ) of charged probe sources occupying the layer of 100 m in height. The charges of the sources and the initial distribution over the horizontal coordinate were randomly taken. The vertical velocity of the sources was equal to zero for simplicity; a horizontal wind speed was taken of 1 m s −1 . It is seen in Fig. 8 that the characteristic slope of the spectrum and its fracture are reproduced even in a simple model. The model complication and allowance for the PBL height, speed profile and distribution of charges over the probe sources will be a topic of further studies.
Conclusions
We can conclude from the analysis results of the complex electrical measurements with the use of sodar data that EF pulsation analysis serves as a powerful means of electrodynamics/turbulence monitoring under different conditions. It is especially important that the number of AES generated per time unit is a convenient measure of turbulence intensity. AES magnitudes under stable conditions are relatively small, except in special cases such as high humidity and fog. During a stable period, no or few AES are formed, while during a convectively unstable period, 5-10 AES are formed per hour. This regularity is very characteristic and is repeated from day to day during the summer. It should be noted however that, under stable conditions, from time to time AES form as well, which indicates the appearance of occasional mixing events with weak winds and strong stratification. These events, accounting for a major fraction of the total vertical flux under stable conditions, are reliably reflected in the electric field perturbations.
The analysis of EF spectra gives additional useful information on the parameters of the atmospheric boundary layer and its turbulence. A rather sharp change in the spectrum slope takes place in the vicinity of 0.02 Hz under stable conditions. The characteristic slope of the spectrum and its change are reproduced in a simple model of EF pulsation formation. The model complication and allowance for the PBL height, speed profile and distribution of charges over the probe sources will be a topic of further theoretical studies, together with their 824 S. V. Anisimov et al.: AES and turbulence in the atmospheric boundary layer coupling with experimental data for the PBL characterization and the development of new methods of its operative diagnostics.
